Phleomycin stimulates the degradation of DNA by energy-dependent endonuclease and exonuclease reactions in Escherichia coli rec+ cells and in recB-and recC-cells that lack an adenosine triphosphate-dependent nuclease functioning in the repair of ultraviolet (UV) lesions. Exonuclease activity is blocked in T4 phage-infected cells. The endonuclease reaction produces 107-dalton segments resembling those produced in colicin E2-treated cells. These differ from the random-sized segments produced in UV-irradiated cells, or the 106-dalton segments made in T4 phage-infected cells. A mutant selected for phleomycin tolerance is cross-tolerant to colicin E2, and some mutants selected for colicin E2 tolerance are cross-tolerant to phleomycin. On the basis of these cross-tolerances and the similarities between the effects of phleomycin and E2-stimulated nucleases, the suggestion is made that both agents may stimulate the same nuclease reactions in E. coli cells.
Phleomycin is a copper-chelating, peptidecontaining antibiotic which, at high concentrations (1 mg/ml), interacts with deoxyribonucleic acid (DNA) in vitro to alter the DNA structure and prevents the DNA from acting as a substrate for exonuclease I or as a template for DNA polymerase 1 (7, 18; A. Falaschi and A. Kornberg, Fed. Proc. 23:940-945). At low concentrations (10 to 40 ug/ml), phleomycin does not arrest DNA synthesis in vitro, but it does cause the rapid destruction of DNA and the arrest of DNA synthesis in vivo (2, 11, 19; A. Falaschi and A. Kornberg, Fed. Proc.
23:940-945). Lesions produced in cells treated
with very low concentrations of phleomycin (42 ug/ml) are apparently repaired by ultraviolet (UV)-dark repair mechanisms (2) . However, the extensive degradation of DNA that occurs in excisionless strains treated with low levels of phleomycin (2, 12) indicates that other nucleases may also function in phleomycin-treated cells. The stimulation of energy-dependent endonuclease and exonuclease activities in treated Bacillus subtilis cells has already been described (11) . In this paper we show that a similar set of energy-dependent nucleases are activated in Escherichia coli cells and, using the E. coli system, we present evidence that these are not related to the nucleases functioning to repair UV lesions. Rather, they resemble in 'Present address: Department of Microbiology and Biochemistry, Idaho State University, Pocatello, Idaho 83201.
their effects the nucleases that are activated in colicin E2-treated cells.
MATERIALS AND METHODS Strains and media. E. coli strains AB1157 (rec+), JC 5743 (recB21), JC 5489 (recC22), and JC 2926 (recA13) were given to us by A. J. Clark (20) , and the colicin E2-tolerant mutants ASH101, ASH114, ASH120, ASH122, ASH200 and their parent, wildtype strain ASH1, were given to us by I. B. Holland (5) . Colicin E2 was obtained by inducing E. coli W3120Smr (col E2-P9) cells with mitomycin C (8) and then centrifuging the lysate at 10,000 x g for 15 min to remove unlysed cells and debris. Phleomycin-tolerant mutants of AB 1157 (rec+) were obtained by treating the rec+ cells for 1 h with 40 ,gg of N-methyl-N'-nitro-N'-nitrosoguanidine (Sigma Chemical Co.) per ml, allowing the cells to grow overnight, and then selecting those cells that survived 30 min of incubation at 37 C with 20 Ag of phleomycin per ml. The T4 (42am N55, 46am B14) phage and the CR63 bacteria were generously given to us by J. Wiberg (16) 10 ,000 x g for 10 min, extracting the trichloroacetic acid from the supernatant fluid with ether, and? then counting 0.1 ml of the supernatant fluid in 5 ml Qf scintillation fluid (5 g of 2, 5-diphenyloxazole, 80 g of naphthalene, 360 ml of toluene, 360 ml of dioxane, and 216 ml of absolute ethyl alcohol). The total radioactivity in a culture was measured by solubilizing the DNA with 10% trichloroacetic acid at 90 C for 20 min, ether-extracting the trichloroacetic acid, and counting the radioactivity in 0.1 ml as above.
Cell lysates. Cells in 5 ml of medium were chilled, centrifuged at 10,000 x g for 5 min, resuspended in 1 ml of ice-cold 0.01 M ethyl enediaminetetraacetic acid and 0.01 M tris(hydroxymethyl)aminomethane (pH 8.4), and lysed by treatment at 37 C with lysozyme (400 ,g/ml) for 2 min, Pronase (1 mg/ml) for 1 min, and 0.1% sodium lauryl sulfate for 5 to 10 min. The DNA in 0.15-ml samples of the lysates was denatured with 0.15 ml of 0.8 M KH2PO4 and 0.03 ml of 1 N NaOH for 1 min at room temperature. Samples (0.2 ml) of the denatured lysates were layered on 10 to 30% gradients of sucrose in 0.4 M NaCl, 0.01 M ethylenediaminetetraacetic acid, and 0.1 M NaOH, and centrifuged for 3 h at 35,000 rpm at 18 C in a Spinco SW50.1 rotor. After centrifugation, the distribution of radioactivity in the gradients was determined by collecting drops from the bottoms of the tubes, precipitating the DNA with 5% cold trichloroacetic acid, washing, and counting as above.
RESULTS
Energy-dependent endonuclease activity in phleomycin-treated E. coli. The phleomycin per ml and tlien sampling the culture at intervals after the addition of phleomycin. To analyze for endonuclease activities, portions of the samples were lysed, treated with NaOH to denature the DNA, and then centrifuged through an alkaline sucrose gradient. Figure 1 shows the distribution of labeled DNA in such gradients. The curves show that, within 2 min of incubation, a sufficient number of single-strand breaks were made in the DNA to convert about 25% of the rapidly sedimenting, control DNA to slower-moving, small segments. The distribution curves of samples taken at 6 and 8 min (not shown) are indistinguishable from the 10-min curve. At these times, essentially all of the DNA banded at the same position as denatured, 1.2 x 107-dalton, "IClabeled T7 phage DNA that had been added to the gradients as a molecular weight referencemarker. That is, the cell DNA was degraded to segments of approximately 1.2 x 107 daltons. After 10 min, there was a relatively small further decrease in the size of the DNA. The DNA in a sample taken at 60 min appeared only one fraction to the right of the DNA in the 0-mmin sample. This slow decrease in molecular weights after 10 min was probably due to exonuclease activity in the cells. Evidence of this activity was the decreasing recovery of acid-precipitable radioactivity during the 60 min of treatment (legend of Fig. 1 , also see below). Figure 1 (insert) also shows that when cellufar oxidative phosphorylation was uncoupled by 10-4 M CCCP added to the cells 5 min before the additioxi of phleomycin, very little, if any, degradation of the rapidly sedimenting DNA occurred. Thus, cellular-energy metabolism is a prerequisite for the activity of phleomycinstimulated endonuclease.
Energy-dependent exonuclease activity in rec+, recB-, and recC-cells. The amounts of DNA solubilized in the phleomycin-treated rec+ cells were determined by measuring the trichloroacetic acid-soluble radioactivity in each of the samples taken in the experiment described above. Approximately 50% of the total DNA in the treated cells was solubilized in 60 min, and 10-' M CCCP added to the cells along with the phleomycin reduced this solubilization to the negligible amount occurring in untreated cells (Fig. 2) . To eliminate the possibility that CCCP arrested DNA solubilization indirectly by preventing the production of endonucleolytic breaks in the DNA, CCCP was added to the cells 10 min after the addition of phleomycin. At this time, when a large number of breaks had already been made in the DNA and 10% of the (20 ug/ml) was added at zero time to 'H-labeled rec+ cells growing at 37 C. At the indicated times, the cells in a sample of the culture were lysed and the lysates were treated with NaOH to denature DNA as described in Materials and Methods. Samples (0.2 ml) of the denatured lysates were layered on 10 to 30% gradients of alkaline sucrose and centrifuged for 3 h at 35,000 rpm. Ten-drop fractions were collected from the bottoms of the gradients. The amounts of acid-precipitable radioactivity in each fraction were determined and plotted as percentage of the total radioactivity collected from each gradient. The total counts per minute collected were: control, 55,926; 2 min, 56,351; 4 min, 51,362; 10 min, 51,481; 30 min, 41,385; 60 min (not graphed), 24,148. The band position of 14C-labeled, denatured T7 DNA that was added to each lysate is indicated by the arrow. Insert: 'H-thymidine-labeled cells were divided among three tubes. CCCP (5 x 10-4M) was added to one of the tubes. All three cultures were incubated with aeration at 37 C for 3 min and then chilled to 4 C. Phleomycin (20 ug/ml) was added to one of the untreated cultures and to the CCCP-treated culture. After an additional 30 min at 4 C, the cultures were incubated for 10 min at 37 C, chilled, and lysed. Samples of the lysates were treated with NaOH, centrifuged, and analyzed as above. (Fig. 3) 4 Ag of 3H-thymidine per ml, washed, to the two agents. Two of the six E2-resistant uspended in ice-cold minimal medium. The strains (strains ASH120 and ASH200) show an s were then divided into two and aerated at increased resistance to phleomycin, and one of r3 min. Phleomycin (20 ug/ml) was added to five phleomycin-resistant strains had an innple of each culture (open symbols), and 5 x creased resistance to colicin E2. Although nilCCCP was added to the other sample. After trosoguanidine is known to produce multiple r3 min of incubation, phleomycin (20 Mg/ml) mutations in cells, mapping experiments to Ided to each of the CCCP cultures (closed determine whether the dual resistance to s). CCCP (5 x 10-4 M) was also added to C f of the rec+ ne nheonmv,in c'ultu,re after it phleomycin and colicin E2 was clue to single or a had been incubated for 10 min. Zero time is the time ofphleomycin addition. Each culture was sampled for cold acid-soluble 3H-radioactivity at the times indicated.
DNA had been solubilized, further solubilization was arrested by the CCCP. Thus, cellular metabolism was required for the activity of the phleomycin-stimulated exonuclease as well as for endonuclease activity.
The amounts of DNA solubilized in phleomycin-treated recB-and recC-cells were measured to determine whether the recB, recC adenosine triphosphate-dependent nuclease was responsible for DNA solubilization in the treated cells. After a 10-min lag, the recB-and recCcells solubilized their DNA almost as effectively as did the rec+ cells, and this solubilization was also arrested by CCCP (Fig. 2) . Thus, though an event occurring during the first 10 min of incubation with phleomycin may be slowed in the recB-and recC-cells, the nuclease responsible for the. energy-dependent solubilization of DNA is nevertheless present in these cells.
Effect of T4 phage on degradation. The similarities between the effects of phleomycin and colicin E2 on the cell DNA (see Discussion) led us to search for additional similarities. Rec+ cells were labeled with 3H-thymidine, washed, resuspended in minimal medium, and divided into three tubes. The tubes were then incubated at 37 C with aeration and T4 (42, 46) phage was added to two of the cultures (multiplicity of five phage per bacterium). Phleomycin (20 Mg/ml) was added to the uninfected culture and to one of the infected cultures. Incubation at 37 C was continued, and each culture was assayed for solubilized 3H-radioactivity at the times indicated. on August 27, 2017 by guest http://aac.asm.org/ double mutation have not as yet been done. However, the ASH strains that were originally isolated after 2-aminopurine treatment have been mapped by conjugation experiments, and it is likely that if the dual resistances in these strains are not due to a single mutational event, they are due to closely linked mutations.
The results of a more accurate assay of the sensitivity of strain ASH120 to phleomycin are shown in Fig. 4 . ASH120 suffered an 80% loss in viability in 10 min with 20 ,gg of phleomycin per ml while, in this time, strain ASH1, the parent of ASH120, suffered the same 3 to 4 log loss as did the rec+ strain. Figure 4 also shows the sensitivities of the UV-sensitive recA-, recB-, and recC-strains to 2 and 20 ,ug of phleomycin per ml. Grigg has previously shown that UVsensitive, excisionless mutants of E. coli were also more sensitive to low (2,g/lml) concentrations of phleomycin (2) . These data show that cells that are UV sensitive for reasons other than the inability to excise pyrimidine dimers are also more sensitive to low concentrations of phleomycin than is the uv+, rec+ strain. At 20
MAg of phleomycin per ml, all strains sustain a 3 to 4 log loss of viability, and the differences in sensitivity are less easily seen. Insensitivity of phleomycin to trypsin or Pronase. The similar effects of phleomycin and E2 on cells and the dual resistance resulting from what was assumed to be a single mutation event suggested that the peptide residue of phleomycin might act on the cells like the E2 peptide. To test this possibility, we treated phleomycin (1 mg/ml) with trypsin (1 mg/ml), or with Pronase (1 mg/ml) at 37 C for 60 min. We then incubated labeled rec+ cells with the phleomycin and found that the cells solubilized their DNA to the same extent as cells treated with regular phleomycin. The peptide of phleomycin may be shielded from the peptidases or, like many peptide antibiotics, it may be intrinsically resistant to proteases. Alternatively, it may play no role in the nucleasestimulating activity of the molecule.
on August 27, 2017 by guest http://aac.asm.org/ Downloaded from VOL. 4, 1973 Role of phleomycin copper-binding capacity. Copper-free phleomycin was previously shown to have the same lethal effect as copper-containing phleomycin (17 
DISCUSSION
The data show that phleomycin-stimulated DNA degradation occurs in UV-sensitive recB-, recC-cells, as well as in uvr--excisionless strains (2) , and thus that the nucleases active in phleomycin-treated cells are probably not responsible for the excision and repair of UV lesions. The repair of some phleomycin lesions by UV-dark repair mechanisms indicates that at least some phleomycin molecules react directly with cellular DNA. These DNA-bound molecules may provide new sites for the attack of cellular nucleases. The production of fairly uniform, 107-dalton DNA segments by the endonuclease reaction indicates that the endonuclease attack occurs at rather specific points in the DNA. Since phleomycin reacts primarily with the thymidine of dAT (9), these points may be thymine-rich clusters in the DNA (10) . The phleomycin-stimulated attack at a limited number of sites in the DNA molecule contrasts with the randomly made, dose-dependent endonuclease breaks made in UV-irradiated or alkylated DNA (14, 15) . It seems analogous to the attack of T4 phage endonuclease II which is postulated to occur on cytosine-rich regions of E. coli DNA to produce "limit digests" of 106 daltons (6) .
Another analogy can be made between the effects of phleomycin on E. coli cells and those of colicin E2, which has recently been shown to react directly with E. coli DNA (13 (4, 12) . These nucleases are pres-EFFECTS OF PHLEOMYCIN ON E. COLI 325 ent in recB-and recC-cells (4) , and the activity of the exonuclease is blocked by T4 phage infection (16) . The similar 107-dalton size DNA segments produced by both endonucleases, the arrest of both exonuclease activities by T4 phage infection'> and the simultaneous tolerance of mutants to both antibiotics suggest the possibilities that colicin E2 binds to the same adenosine-thymine-rich regions of the DNA as does phleomycin and that DNA with bound phleomycin or colicin E2 is sensitive to the same nucleases.
In addition to binding to DNA, phleomycin may well affect another cell component, the cell membrane. We have observed (Reiter and Strellow, manuscript in preparation) that one of the phleomycin-tolerant, E2-tolerant mutants continues to synthesize DNA and shows no sign of endonuclease activity, but fails to form septa when treated with phleomycin. The relation between this apparent membrane alteration and the absence of endonuclease activity remains to be clarified.
